An aeroacoustic analysis of a turbulent boundary layer numerical database is conducted, aiming at the identification of acoustically efficient flow structures. The free-stream Mach number is 0.5 while the initial Reynolds number based on the local momentum thickness of the laminar boundary layer is 480. The flow and its acoustic radiation was obtained in a previous study by direct numerical solution of the unsteady NavierStokes equations for a compressible, viscous flow. The post-treatment starts with data reduction, keeping only the first mode of a spanwise Fourier series expansion, selecting relevant parallel planes: one near the wall and one in the acoustic region, and focusing on the pressure field. The data thus reduces to two scalar fields of the streamwise coordinate and time. Space-time correlations then allows to quantify global properties of both fields, such as time and length scales and convection velocity of the hydrodynamic pressure, and main acoustic propagation angle, which are found in agreement with the qualitative and quantitative previous observations. Collection of flow and acoustic events is then conducted using amplitude criteria, and causality relationship is investigated assuming convected spherical radiation.
I. Introduction
The goal of this study is the identification of external noise generation mechanisms from a turbulent boundary layer. In particular, it aims at characterising flow structures or events which causes the typical, most energetic features of the acoustic field. Solution to this problem is critical to the efficient design of noise reduction strategies, for both the internal and external radiation, if one assumes that the sources of the external acoustic field also radiate significantly inside.
For turbulent boundary layers, aeroacoustic studies have mainly been focused on either the low-wavenumber region of the wall pressure spectrum, or the prediction of the acoustic field itself. Recently, Gloerfelt & Berland 1 have contributed to both issues by directly simulating the noise radiated by a turbulent boundary layer at M = 0.5 from the numerical solution of the compressible Navier-Stokes equations. The non-zero level in the acoustic domain of the frequency wavenumber spectrum of the wall-pressure fluctuations has been observed and documented in Gloerfelt & Berland, 1 and in Gloerfelt & Margnat 2 regarding the influence of the free-stream Mach number. This was also analysed in Gloerfelt 3 including an implementation of several formulations derived from Curle's analogy. 4 In particular, it was noticed that the contribution of the viscous terms is not important.
Concerning the acoustic field, Gloerfelt & Berland 1 noticed that acoustic wavefronts in the nearfield are mainly oriented in the direction opposite to the flow, and have relatively large wavelengths. Simulating the radiation of Gaussian multipolar sources placed inside the boundary layer with a propagation in the mean turbulent flow of the direct noise computation, they showed that this particular directivity could mainly be explained by the propagation effect of the convection due to the high-speed stream at M = 0.5. Indeed, the Doppler effect for a compact source decreases the wavelength upstream of the source and conversely increases it downstream. This is accompanied by a rise of pressure levels upstream. The wavefronts consequently have a very large apparent wavelength and low levels downstream of the source, explaining essentially the observed directivity. The concentration of sound power in a lobe Figure 1 . Sketch of the computational domain and of the coordinate system (figure not to scale). A small step lying in the spanwise direction is introduced downstream of the inlet boundary condition in order to ignite the transition to turbulence of the boundary-layer flow.
oriented in the upstream direction, in agreement with the theory of compact sources, can help to conclude that the source inside the TBL are compact, and thus correspond to localised turbulent events.
In the present study, those compact source events inside the TBL are seeked for by cross-analysing the pressure field in a plane parallel to the wall in the acoustic propagation region with the pressure field near the wall. The pressure fields are priorly expanded in Fourier series in the spanwise direction, which reduces the dimension of the problem once it has been shown that the first mode (2D mode) dominates the acoustic field. Space-time correlations within each plane are then combined with propagation models in order to collect and link high amplitude spots that make physical sense with respect to a possible source-observer relationship.
The paper is organised as follows: in section II, the flow configuration and numerical database are recalled and the data selection procedure is presented, while the results of the aeroacoustic analysis are given in section III. Further discussion and future work are included in section IV.
II. Data reduction A. Boundary layer configuration
The boundary layer flow which is analysed here is that simulated by Gloerfelt & Berland, 1 where the physical and numerical parameters are described in details. The main important ones for this study are recalled in this section.
Simulation case
A sketch of the computational domain and of the coordinate system is provided in figure 1. x 1 is the streamwise direction and the flow goes from left to right; the wall is located in the plane x 2 = 0. At the upstream frontier of the computational domain the boundary layer is assumed to be laminar. A third-order polynomial fit to the Blasius velocity profile is enforced at this location with an initial boundary-layer thickness δ 0 . The free-stream Mach number is taken to be M ∞ = 0.5. The pressure and density are set initially to uniform values p ∞ = 101300Pa and ρ ∞ = p ∞ /(r T ∞ ) where T ∞ = 298.15K and r is the gas constant. The initial Reynolds number Re 0 θ based on the local momentum thickness θ of the laminar boundary layer is 480.
At the upstream and upper boundaries of the computational domain, the radiation boundary conditions of Tam & Dong, 5 using a far-field solution of the sound waves, are applied. A large sponge zone 6, 7 is furthermore added at the downstream end of the domain so unhindered passage of aerodynamic perturbations is possible without the generation of spurious acoustic waves. A three-dimensional planar domain is considered with periodic boundary conditions in the spanwise direction. The Large Eddy Simulation strategy combines a finite-difference scheme with good spectral properties with the use of a selective filtering without an additional eddy-viscosity model. 8, 9 Turbulence seeding is achieved by introducing a small step slightly downstream of the inlet boundary condition. The step lies in the spanwise direction and is located between x 1 /δ 0 = 5.7 and x 1 /δ 0 = 9 and 0 ≤ x 2 /δ 0 = 0.26. The trick used to ignite transition toward a fully turbulent state has the great advantage to be steady, and has been shown to produce considerably less spurious noise than other inflow conditions based on the introduction of unsteady perturbations 10 which is a crucial point to capture the direct radiation from the boundary-layer turbulence. Note that a silent inflow condition based on controlled transition of a velocity profile taken behind a backward-facing flow has been developed by Gloerfelt & Robinet. 11 The mesh size is taken to be uniform in the spanwise direction. In a similar manner, the mesh in the streamwise direction is uniform but grid stretching with a rate of 2% is used in the sponge zone over the last 100 points. In the wall-normal coordinate, the grid size is stretched using a geometric progression of 2.5%. The resolution and domain size are given in Table 1 . The friction velocity u τ is calculated when the flow is fully turbulent. This reference velocity allows in particular to express simulation parameters in wall units, e.g.
where u i are the velocity components and ν is the kinematic molecular viscosity. In Table 1 , the non-dimensional properties are obtained by using u τ = 7.38m/s which is the value at the middle of the computational domain.
The boundary-layer thickness at the middle of the computational domain is δ r e f = 1.13mm. At this location, the displacement thickness is δ * r e f = 0.197mm. These thicknesses are used as reference length scales throughout the paper. In particular, space positions are made nondimensional by δ r e f , while times, lags and frequencies are made nondimensional by U ∞ /δ * r e f .
Acoustic field and database
An overview of the radiated field is given in figure 2 , where the pressure fluctuation p is plotted as a colormap. Acoustic wavefronts observed in the near-field are mainly oriented in the direction opposite to the flow, and have relatively large wavelengths. As mentioned in the introduction, Gloerfelt & Berland 1 could associate such features with the radiation of compact sources in the boundary layer subjected to convection by the main flow at U ∞ . A residual emission from the small step used to ignite the turbulent flow is visible, through spherical wavefronts coming from where the step is located, with smaller wavelengths than the main acoustic activity. The main material of the present analysis is the pressure field returned by the direct noise computation. It is considered in parallel (x 1 -x 3 )-planes: the wall, and four other vertical locations until the acoustic near-field x 2 ≈ 9.5δ r e f . The data is available over the whole domain extent in the two other directions, that is 0 ≤ x 1 /δ r e f ≤ 80 and −1.72 ≤ x 3 /δ r e f ≤ 1.72, and for 9000 samples within time series lasting about 1370δ * r e f /U 0 , since the sampling time step ∆t ≈ 0.152δ * r e f /U 0 . Once acoustic source locations have been identified, the flow structures can be studied in a volume which is slightly smaller streamwise, that is 30 ≤ x 1 /δ r e f ≤ 60, where all the primitive variables have been stored with the same time serie properties.
B. Preconditionning
In this section, the DNC data is reduced to two 2D fields: firstly, a spanwise Fourier series expansion analysis procedure for the pressure field is described, whose results allows to remove the spanwise dependency; secondly, two appropriate planes are selected parallel to the wall, to be representative of the near-wall sound production phenomena and of the acoustic field, respectively.
Spanwise Fourier series expansion
The first step is a Fourier series expansion in the spanwise direction x 3 . This is consistent with the Direct Noise Computation (DNC), which implements periodic boundary conditions in that direction. The following expansion is used, for a function p of period L x 3 :
with
The integration over x 3 is computed with a Simpson quadrature. p ∞ is removed from a 0 afterward. After taking the rms value over time and 30 ≤ x 1 /δ r e f ≤ 70, the wall-normal decrease of the first coefficients of the expansion are plotted in figure 3 . The coefficient a 0 is found to dominate the higher coefficients beyond x 2 ≥ 2δ r e f . a 0 being the mean value over x 3 , this quantifies the quasi-2D character of the acoustic field, which could be noted in figure 2 or in the supplementary movie provided by Gloerfelt & Berland 1 on the journal website. Moreover, by virtue of the linearity of the acoustic problem, the most energetic acoustic emission is thus contained within a 0 , to which the analysis can then be reduced, so that the (x 1 , t ) field represents the only variable dependence, once the vertical position has been fixed.
Selection of near-wall and acoustic pressure distributions
The wall pressure distribution (indeed, the first coefficient of the spanwise Fourier series expansion of the pressure field, with p ∞ removed) is plotted in figure 4a) in the field (x 1 , t ). The two main observed pattern are: i) a fine-grain distribution ii) positively slopped streaks, which are the print of a convection downwind in such representation. Some high-amplitude events are noticeable too, with higher occurrence as x 1 is increased. They stand out better when the observation plane is slightly departed from the wall, what produces naturally a low-pass filter, as visible in figure 4b ), where the distribution is shown for x 2 = 0.75δ r e f . Since the study hereinafter focuses on them, that plane is selected to represent the acoustic source signal, and is referred to as the hydrodynamic plane in the following.
As for the acoustic distribution, the pressure field is plotted in figure 5a ) for x 2 = 9.57δ r e f using the same representation. Contrary to the hydrodynamic field, the main streaks are negatively slopped, which corresponds to a wavevector oriented between the upstream direction and the wall-normal direction (this will be quantified in the following section). The main streaks are perturbed by lower amplitude, positively slopped ones, which corresponds to the high-frequency noise generation by the step used as an inflow condition to achieve turbulence seeding. Thus, the present selection of data still includes the main characteristics of the acoustic field, which are visible in figure 2 or in the supplementary movie provided by Gloerfelt & Berland 1 on the journal website.
However, in order to prevent a bias in the event analysis, the contribution from the inflow step is removed from the acoustic distribution by a filtering in the wavenumber frequency space: are filtered the FFT modes satisfying both following conditions on frequency and phase velocity: 
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American Institute of Aeronautics and Astronautics Figure 5 . Pressure distribution in the acoustic field (x 2 = 9.57δ r e f ). Left: unfiltered distribution, right: the noise emitted by the step used to ignite the transition to turbulence has been filtered. Levels from −2.5 Pa (blue) to +2.5Pa (red).
where ω is the angular frequency and k 1 is the wavenumber in the streamwise direction. The resulting acoustic distribution in the x 2 = 9.57δ r e f plane is shown in figure 5b ). It can be stated that the main radiation from the flow events has been perfectly preserved in that filtering operation.
To conclude, the analysis of this paper only considers the (x 1 , t ) distributions of figure 4b) and 5b), which corresponds to the pressure field averaged spanwise, with p ∞ removed, in the planes x 2 = 0.75δ r e f and x 2 = 9.57δ r e f , denoted as the hydrodynamic field and the acoustic field, and noted p h and p a , respectively.
III. Aeroacoustic analysis A. Global correlations
The space-time correlation functions within a given plane between the whole time series p(t ) at x 1 and p(t + τ) at x 1 + ξ are studied here. It allows to quantifies some properties of the near-wall flow structures as well as the acoustic waves: convection velocity, scale, lifetime and propagation direction. Preliminarily, the signals are normalised: the correlation is computed for p /p r ms where p = p −p andp is the arithmetic mean over the samples.
In the hydrodynamic plane
The space-time correlation at x 1 = 50δ r e f in the hydrodynamic plane (that is of p h time series) is plotted in figure 6a) . A convection velocity can be extracted graphically as about 0.77U ∞ for |ξ| ≥ 3δ r e f , though that value depends on the space lag. The correlation level stays above 30% if |ξ| ≤ 8δ r e f and |τ| ≤ 50δ * r e f /U ∞ which, though rather arbitrary, indicate global values for the length scale and lifetime of the hydrodynamic flow structures.
This correlation cartography at x 1 = 50δ r e f can be compared with those at x 1 = 30δ r e f and x 1 = 70δ r e f , which are plotted in figure 7 in order to give an idea of the streamwise homogeneity of the flow. As expected, as the reference point is moving downstream, the correlation peak becomes a little bit larger and the convection velocity increases slightly (see the position of the high correlation plume with respect to the corner of each graph). 
In the acoustic plane
The space-time correlation at x 1 = 50δ r e f in the acoustic plane (that is of p a time series) is plotted in figure 6b ). From this cartography, an acoustic phase velocity U a φ can be extracted from the lag τ corresponding to the maximum correlation at each ξ 1 . One obtains U a φ ≈ −1.20U ∞ for a relatively wide extent of lags. Assuming a plane wave propagating in a uniform flow at U ∞ , such phase velocity can be associated with a propagation angle given by:
The result is θ ≈ 155 o with respect to the flow direction, which is in very good agreement with the visual intuition provided by the snapshot of the acoustic pressure ( figure 2) . Moreover, the ranges of ξ 1 and τ over which the correlation levels stays high are about twice greater than those for the hydrodynamic plane. Such large length scale and life time is in agreement with the space and time extents of high amplitude streaks in the (x 1 , t ) field (figure 5b). Finally, the correlation cartography in the acoustic plane exhibits high negative correlation streaks next to the positive one. This means that the correlated signals have some odd parity properties (succession of positive and negative pressure fluctuation), as expected from an acoustic wave.
Such global properties could not be extracted from correlations between, for instance, a reference point in the acoustic plane and the other streamwise positions in the hydrodynamic plane. Indeed, the acoustic signal at one given point integrate contributions from the whole boundary layer. A local analysis using based on flow and acoustic events may be more appropriate here. It is conducted in the following section.
B. Event-based description
Similarly to the work by Kan et al. 12 on acoustic source properties in high speed jets, flow and acoustic events are investigated within the two pressure distributions considered here.
Statistics of pressure distributions
In order to define criteria of picking events up from pressure distribution in (x 1 , t ) fields, some statistics are computed. Firstly, the evolution of the standard deviation of the time series can be used to determine how rare is a result. It is plotted as a function of x 1 for the hydrodynamic plane and the acoustic plane in figure 8a ) and 8b) respectively. Near the wall, the standard deviation in time is increasing with x 1 , due to the development and thickening of the boundary layer. The distribution at the wall is also plotted to illustrate this. As for the acoustic plane, the standard deviation varies less but it decreases with x 1 . The global standard deviation, that is taken over x 1 and t , is noted P h and P a respectively for the hydrodynamic plane and the acoustic plane.
The probability density function (PDF) of each pressure distribution is plotted in figure 9 . In both the near-wall and acoustic plane, a Gaussian distribution is recovered. Also, the symmetry of the PDFs is noteworthy: the distribution spreads the same for the positive and the negative values. The PDF is also plotted for the wall pressure, whose distribution is broader than in the hydrodynamic plane.
The results of this sections allows to rationalise the somewhat arbitrary choice of thresholds used to collect events in the distributions.
Collection and analysis of flow and acoustic events
In each plane, events are now collected, using an amplitude threshold. Here, any region in the (x 1 , t ) field for which the absolute value of the pressure is greater than a given number of standard deviations (P h and P a for the hydrodynamic and acoustic plane, respectively) constitute an event. Those regions are systematically collected, then sorted by decreasing number of included (x 1 , t ) discrete points. The location of the event is defined by the location of the centroid of such regions.
In figure 10 , both hydrodynamic and acoustic events are marked in the (x 1 , t ) field. A threshold of 2.5 standard deviations is chosen here. A higher value would lead to smaller regions, and sometimes split regions. Thus the hierarchy between the regions can be marginally altered but the cartography remains globally unchanged. Only the 15 largest hydrodynamic events, and the 20 largest acoustic events are plotted, for clarity. Overall, the former globally lays downstream of the domain, while the latter lays upstream. As expected from figures 4b and 5b, the events have the shape of elongated, sloppy streaks in the field (x 1 , t ). It is noteworthy that positive and negative hydrodynamic events are rarely neighbours. This means that the signal excerpt of the near-wall event is not of wave type but of even impulse type. This is a bit less true for the acoustic events.
On each region above the threshold, a local phase velocity can be estimated in the following way: within the region, for each x 1 , the time of local extremum is collected, so that a crest be extracted. The phase velocity is then taken as dx 1 /dt for each point on the crest, which is computed numerically using the standard 2nd-order centred finite difference formula. A cubic-spline interpolation of the time series at x 1 is requested so that the local extremum does not necessarily fall on a discrete time. Otherwise, the phase velocity can only be an integer fraction of ∆x 1 /∆t , which limits the possible results and the accuracy.
This procedure is applied in both planes, using the same threshold as before (±2.5 standard deviation). For the near-wall events, it leads to an ensemble of 3047 crest points, and the repartition of the phase velocity within this ensemble is depicted in figure 11a through histograms with ∆U h φ = 0.02U ∞ . For the acoustic events, the threshold leads to an ensemble of 1844 crest points, and the repartition of the phase velocity within this ensemble is depicted in figure 11a through histograms with ∆U a φ = 0.1U ∞ . Both repartitions grossly follow a Gaussian shape, centred on U h φ ≈ 0.85U ∞ and U a φ ≈ −1.4U ∞ . These values differ slightly from those globally estimated from correlation cartographies in figure 6 . However, we noticed that the phase velocity is relatively constant over a given crest. Such range of realisations of U h φ suggest that each event is associated with a specific thickness of the boundary layer in its neighbourhood: the phase velocity may fluctuate because of large scale sweeps and ejections. For a sweep, the phase speed would then be expected to increase because the free-stream flow is pulled towards the wall. Conversely, for ejections, the phase speed would be lower.
Extreme values in the repartitions of figure 11 can be explained by the fact that a given event sometimes includes more than one local extremum. Consequently, the crest then has two branches, and when the running x 1 jumps from one branch to another, the phase velocity is ill-defined and the numerical derivation is not physically meaningful.
Causality
The next step of the analysis would be to associate each acoustic event with an hydrodynamic event. However, it is hard to identify striking firm causalities in figure 10 . This is partly because a new source event may print the acoustic field by emerging from an ambient field of waves, thus possibly leading to interferences. Nevertheless, it is noteworthy that, in figure 10 , where there are more hydro events, there are more acoustic events: two groups are visible, one for the earlier times, one for the later times. This means that an amplitude criteria may be appropriate.
Moreover, for a given hydrodynamic event, the emission of an acoustic pulse can be assumed, with a spherical wavefront and convected propagation in the uniform flow. It is indeed reasonable to neglect the refraction effect of shear, given the altitude of the hydrodynamic plane and the large wavelengths considered. Then the locus of positions and times where the pulse is observed can be drawn. In the plane x 3 = 0, if the source event is located at (x 1 , x 2 , t ) = (X s , Y s , T s ) and the observer at (X s , Y s , T s ), then the locus of observers in the field (x 1 , t ) for a given acoustic plane at Y s is derived from the convected wave operator, 13, 14 leading to:
where β
Such locus is plotted in figure 10 for each hydrodynamic event. They confirm that acoustic events based on amplitude criteria occur generally in the influence area of one or several hydrodynamic events. However, it is hard to go further regarding causality, because (i) acoustic events are not perfectly defined as such, as explained at the beginning of this section, (ii) neither the geometrical nor the acoustic far-field is reached, the acoustic plane being Figure 10 . Cartography of hydrodynamic and acoustic events in the (x 1 , t ) field with thresholds |p| ≥ 2.5P h and |p| ≥ 2.5P a respectively. Hydrodynamic events (black numbers) are tagged white or grey if the pressure is positive or negative in the region, respectively, while acoustic events (blue numbers) are tagged white or cyan if the pressure is positive or negative in the region, respectively. The dashed white lines on black background are the locus of observer times and positions for a convected, spherical acoustic pulse emitted from the hydrodynamic event. Similarly, the dashed white lines on cyan background are locus of source times and positions for a given acoustic event.
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American Institute of Aeronautics and Astronautics close to the wall with respect to the wavelength (see figure 2) , and (iii) the hydrodynamic events are extended, thus it is not defined whether the rising or the height or the setting of the hydro event may be considered as the source location, while the envelope of a convected structure has a key influence on both its acoustic efficiency and directivity. 15 There is very few chance that the contribution of an hydrodynamic event prints the acoustic field downstream from it, because convected propagation effects leading to enhance the amplitude of a spherical wave toward the upstream. Moreover, figure 10 shows that most of the source events lay in the downstream region of the domain, while the acoustic events lay in the upstream region. That is why, for clarity, the locus of the observers is not plotted beyond the source location. However, recall that there the propagation is faster, thus the locus slope would be smaller.
Finally, the same procedure can be applied in a reciprocal form to build the locus of possible source position which may contribute to each acoustic event (only shown in figure 10 for some isolated, orphan acoustic events, for clarity).
IV. Further discussion
In this paper, some trends of the noise radiated by a turbulent boundary layer could be quantified. In particular, the preferred orientation of the wavefront computed globally through space-time correlation in a plane parallel to the wall in the acoustic field, and locally using an event-based description and the analysis of amplitude peaks in the (streamise coordinate, time) field. The joint analysis of a set of hydrodynamic events and a set of acoustic event, defined by amplitude thresholds, gave hints of causality, in spite of the radically distinct nature of both event types.
We may then suggest this speculative mechanism: a vortical structure, whatever its specific shape, is rising at large scale by interaction (agglomeration, induction) of smaller vortices, then setting by turbulent diffusion ; in agreement with the vortex sound theory, it is not the structure itself which radiates noise, but its spatio-temporal modulation as an event, associated with an ensemble transverse movement, that is upwash or downwash velocity. Phenomenologically speaking, this follows Liepmann's view 16 of a piston distribution effect.
The causality relationship could be further established by describing acoustic events better, as a localised perturbation of a living acoustic field, consisting of wavefronts emitted by previous hydrodynamic events downstream. Similarly, hydrodynamic events could be better characterised through envelope properties. Both are indeed the deformation of a structure along its movement(either convection or acoustic phase), which can be access by the material derivative ∂/∂t +U φ ∂/∂x 1 . Since such quantity naturally favours high frequency and the print of flow events is mainly observed in the low frequency range, it should be combined with an appropriate low-pass filter, or a continuous wavelet transform. 17 Once better characterised and identified as acoustic source, the flow structures could be visualised using a frame moving with a local identified phase velocity.
